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INTRODUCTION 
Susceptibility of soil organic phosphorus to mineraliza­
tion is the one strong evidence for its possible Importance 
in the phosphorus nutrition of plants. Recent work with alka­
line soils in Iowa has brought out a significant correlation 
between the yield of phosphorus in plants and the estimates of 
organic phosphorus mineralized during incubation, independent 
of the labile inorganic fraction. 
Carbon dioxide produced by the micro-organisms during 
incubation of the soil, at the same time that the soil organic 
phosphorus is mineralized, can bring into solution insoluble 
calcium phosphates of the apatite type. The possibility of 
occurrence of this reaction in alkaline soils casts doubt on 
the cause and effect relationship shown to exist between the 
mineralization of soil organic phosphorus and the increase in 
phosphorus uptake by plants for the reason that carbon dioxide 
production and organic phosphorus mineralisation are both cor­
related positively with the content of organic matter in 
soils. One objective of the work described in this thesis 
was to investigate if correlation between yield of phosphorus 
in plants and the estimates of organic phosphorus mineralized 
during incubation exists independently of the carbon dioxide 
evolution that occurs concomitantly with the soil organic 
phosphorus mineralization. 
Hitherto, the amounts of soil organic phosphorus min­
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eralized during incubation in the laboratory have been used by 
some as an index of organic phosphorus availability to plants. 
The amounts mineralized under actual conditions of plant 
growth may perhaps provide a more realistic estimate. There­
fore, the second objective of the work reported in this thesis 
was to measure the change in content of soil organic phos­
phorus under conditions of plant growth and to obtain there­
from an estimate of phosphorus in plants derived from that 
source. 
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REVIEW OF LITERATURE 
Soil phosphorus exists in organic combination in con­
siderable amounts in many soils. Pearson and Simonson (1940) 
studied the amounts and distribution of organic phosphorus in 
seven Iowa soils representing Prairie, Planosol, Wiesenboden 
and Gray-Brown Podzolic groups and found that the amounts 
ranged from 205 p.p.m. to 303 p.p.m. in the surface layer. 
Expressed differently, the proportion of total phosphorus 
present in the organic form ranged from 35.4% in the plow-
layer of the Wiesenboden profile to 72.6^ in the A-j_ horizon 
of the Fayette silt loam, a Gray-Brown Podzolic soil. In 
Finnish soils, Kaila (1948) found 34-58 per cent of total 
phosphorus in organic form. Investigations conducted with 
central Germany shell lime and mottled sandstone soils and 
with European black earths indicated thst 26-67 per cent of 
the total phosphorus was in organic combination (Jahn, 1955). 
Since organic phosphorus compounds constitute quantitatively 
a considerable fraction of the total phosphorus in widely 
scattered soils, the possible role of soil organic phosphorus 
in plant nutrition has attracted attention from research 
workers. 
Direct Absorption of Soil Organic Phosphorus by Plants 
Pierre and Parker (1927) determined the content of or­
ganic and inorganic phosphate in the displaced solutions and 
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1:5 water extracts of 21 soils from nine states. In spite of 
the fact that most of the phosphorus in the displaced solu­
tions and a considerable amount in the water extracts was in 
organic form, only the inorganic phosphate present was ab­
sorbed by the plants. The suggestion was made that probably, 
as a result of decomposition, phosphorus from organic source 
could be rendered available to plants. 
Rogers et al. (1941) attempted to determine the ability 
of corn and tomato plants to absorb directly nucleic acid, 
nucleotides, phytin and lecithin. While the concentration of 
phytin and lecithin decreased without appearance of much in­
organic phosphorus in solution, some inorganic phosphorus was 
released in solution from nucleic acid and nucleotides. It 
was inferred from these observations that phytin and lecithin 
may be absorbed directly by plants but nucleic acid and 
nucleotides had to undergo prior mineralization. Fiaig and 
Kaul (1955) found that nucleic acid which, on the basis of 
qualitative analyses of alkaline soil extracts, was met with 
in all soil types, is not taken up by plants as the intact 
molecule. According to them, plant roots possess ecto-
enzymes which depolymerize nucleic acid and dephosphorylste 
nucleotides arising thereby. The liberated inorganic phos­
phate is ultimately taken up by the plants and nucleosides, 
apparently, remain behind in the nutrient solution. Fiaig 
et al. (1960) have also chromatographically identified 
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inorganic phosphates in nutrient solutions containing sodium 
phytate. The preponderant view now is ûhat organic phosphorus 
forms are not susceptible of considerable direct uptake by the 
plants and must first be transformed into inorganic form 
through mineralization. 
Mineralization of Organic Phosphorus 
Evidence for the occurrence of the process of mineraliza­
tion of organic phosphorus in soils is of two types. First, 
in comparable virgin and cultivated soils, the content of 
organic phosphorus has been found to be lower in the cultivated 
than in the virgin member of the pair (Thompson and Black, 
1949; Thompson et al., 1954). Second, laboratory studies 
(Thompson, 1947; Bower, 1949; Thompson et al., 1954) have 
brought out a close agreement between the increase in extract-
able inorganic phosphorus produced during incubation and the 
decrease in organic phosphorus during the same period. 
The subject of soil organic phosphorus mineralization has 
been studied in some detail by various research workers. 
Since the process of mineralization is probably microbiologi­
cal, temperature responses may be reasonably expected. 
Thompson and Black (194?) incubated three Iowa soils for 1 
week at temperatures ranging from -14 to 150°C. and, as a 
measure of organic phosphorus mineralization, determined the 
increase in inorganic phosphorus soluble in 1 N sulfuric acid. 
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The increase did not differ significantly over the temperature 
range from -14 to 30°C. but above 30°G. there was a very rapid 
increase continuing up to 150°C., at which temperature the 
soil organic phosphorus was completely mineralized. It is, 
however, the low-temperature transformations that are of 
interest from the viewpoint of crop nutrition. Bower (1949) 
incubated both virgin and cultivated soils at temperatures of 
25 and 35 C. and found in both cases a much higher rate of 
mineralization at 35°C. than at 25°G. 
Another modifying influence on the rate of mineralization 
of soil organic phosphorus is that of pH. It has been re­
ported by G-hani and Aleem (194-3), Kaila (1948), and Bower 
(1949), that adsorption of organic phosphorus compounds by 
clay decreases and mineralization of soil organic phosphorus 
increases with increasing pH. Also, the work of Damsgaard-
Sgfrensen (1946), Kaila (1948), and Thompson et al. (1954) 
indicates that the content of organic phosphorus in acid soils 
diminishes upon liming. 
There is some evidence that drying of soil increases the 
rate at which organic phosphorus is mineralized upon moisten­
ing. Thompson's (194?) finding that appreciable increase in 
organic phosphorus mineralization did not occur beyond a week 
after air-dried soils had been moistened and Incubated may 
have resulted from an effect of drying on susceptibility of a 
part of the organic phosphorus to mineralization. Hayashi and 
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Takijima ( 1355a) observed an Increase in organic phosphorus 
mineralized as a result of pre-drying of soil before incuba­
tion. 
Mechanism of Organic Phosphorus Mineralization 
Very little is known, however, about the mechanism of 
organic phosphorus mineralization, apart from the fragmentary 
information about the role of enzymes in this vital process. 
Bower (1949) added enzymes to different fractions of organic 
phosphorus extracted from soil by a 2 per cent sodium hydrox­
ide solution. The fraction precipitated by calcium hydroxide 
was found to be readily mineralized by bran extract, which 
contains the phytase enzyme, but not by corn roots, which are 
free of phytase. On the other hand, the fraction of organic 
phosphorus which passes into the filtrate from the calcium 
precipitation was mineralized by bran extract and corn roots, 
both of which contain the nuclease enzyme. 
Hayashi and Takijima (1955a) extracted three soils with 
alkali extractants of varying strength. Diluted extracts 
adjusted to an organic phosphorus concentration of 5-10 p.p.m. 
and a pH of 6-0 were incubated with snd without phosphatase 
obtained from rice bran. After 21 days of incubation at 
27°C., the mineralization in samples without phosphatase 
ranged from 0 to 16.5 per cent of the total organic phos­
phorus present initially. After 16 hours of incubation at 
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2?WC., the mineralization in samples with phosphatase ranged 
from 0 to 16.2 per cent of the total organic phosphorus 
present. In both cases, the amounts of organic phosphorus 
mineralized during incubation increased with the strength of 
the alKali extractant. 
Jackman and Black (1952) determined the hydrolysis of 
native soil organic phosphorus in situ by adding phytase to 
six soils brought from the field and tested without previous 
drying. There was no detectable hydrolysis under these condi­
tions, whereas substantial hydrolysis of added phytate phos­
phorus by soil phytase was observed. Limited solubility of 
indigenous phytate phosphorus in the soil solution was con­
sidered more important in limiting the hydrolysis rate of soil 
phytate phosphorus than was phytase activity. 
Influence of Plant Growth on Mineralization 
of Organic Phosphorus 
Suggestions have also been made that plants possess some 
peculiar ability to enhance the rate of mineralization of soil 
organic phosphorus. According to Kaul (1955), plants take up 
phosphorus from nucleotides by the action of a dephosphorylat-
ing ferment (nucleophosphata.se) excreted by roots. 
Hayashi and Takijima (1955c) observed a continuous 
liberation of cells from root surfaces of plants growing in 
culture solution. By paper chromatography, cell sap of roots 
was found to contain organic acids such as oxalic acid, 
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succinic acid, malic acid, tartaric acid and citric acid. By 
the same chromatography, oxalic acid was traceable and tar­
taric and citric acids were found in small amounts in the 
ether extract from a nutrient solution in which a large number 
of sweet potato plants had been cultured. Hayashi and Taki­
jima then incubated two soils with varying amounts of organic 
phosphorus (1420 p.p.m. and 395 p.p.m.) for 2 weeks at 27°C. 
During this period, about 20 p.p.m. of organic phosphorus were 
mineralized. When they added sodium salts of tartaric and 
citric acid to the same samples before incubation, the organic 
phosphorus mineralized went up to 60 and 80 p.p.m., respec­
tively. 
Hayashi and Takijima ( 1955b) also cultured maize and rice 
plants in pots of these very soils for about 4 months. Soil 
organic phosphorus was found to decrease faster in the 
presence of crops than In their absence. At the end of the 
cropping period, the decrease in native soil organic phos­
phorus due to cropping was 30 p.p.m. in the Nishigahara upland 
soil and 26 p.p.m. in the Konosu paddy soil. 
In yet another experiment (Hayashi and Takijima, 1953), 
roots of P-deficient plants were found to possess a greater 
ability to mineralize organic phosphorus and absorb inorganic 
phosphorus than the roots of plants well-supplied with phos­
phorus • This Increased ability was ascribed to higher phos­
phatase activity, particularly that of glycero-phosphatase, 
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in the roots of phosphorus-deficient cereals• 
Freney and Spencer (i960) studied soil sulfate changes 
in the presence and absence of growing plants. To five 
sulfur-deficient soils, they added 0, 4, 12, 36 and 108 p.p.m. 
of sulfate sulfur. Three pots of each soil and treatment were 
planted, and three were left unplanted. Under plant cover, 
mobilization of organic sulfur occurred at the nil, 4 p.p.m., 
Ik p.p.m., and 35 p.p.m. levels of sulfate sulfur addition 
in four out of five soils. In the absence of plants, with 
one exception, no net mineralization of organic sulfur 
occurred following additions of sulfate. In the pots without 
added sulfate, there was slight mineralization but less than 
under plant cover. The authors explained their results on the 
basis of greater possible concentration of micro-organisms in 
the rhizosphere than in the remainder of the soil, due to 
secretion of amino scids and sugars from the plant roots. It 
was surmized that soil organic phosphorus may behave likewise. 
Availability of Soil Organic Phosphorus 
Under Natural Conditions 
Relatively little work has been done on the availability 
to plants of native soil organic phosphorus. 
Vincent (1937) first reported that measurable reduction 
in contents of both inorganic and organic phosphorus soluble 
in 2 per cent citric acid occurred during growth of crops. 
Chirikov and Volkova (1941) separated total soil phos-
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phorus into five fractions on the basis of solubility in chem­
ical extractants and then characterized the different fraction 
in order of decreasing availability to plants. Soils with pH 
varying from 5.7 to 5.8, with and without various phosphatic 
fertilizers, were used~to make soil and sand-soil cultures on 
which oats were subsequently grown. The amounts of phosphorus 
absorbed by the plants were then compared with the amounts of 
different fractions of phosphate in the soils and composts. 
The 0.2 I sodium hydroxide or ammonium hydroxide soluble frac­
tion, representing a large part of the soil organic phos­
phorus, was not found to be of any significance as an indi­
cator of soil phosphorus availability. Williams (1950) 
adopted the same fractionation approach but used different 
extractants. Nevertheless, the organic phosphorus soluble 
in 0.1 |sodium hydroxide was not found to be significantly 
correlated with the phosphorus percentage in plants. 
In discussing the temperature effects on organic phos­
phorus mineralization, Thompson and Black (1947,- p. -326 ) 
observed that 
. . . heating of the soil by the summer sun, 
accompanied by the partial-sterilization effect 
of drying may have much to do with phosphorus 
mineralization in the soils of Iowa containing 
large amounts of organic phosphorus. 
and added that 
Perhaps it is a characteristic of the soil and 
not of the crop that often causes oats and first 
cuttings of leguminous hays to respond to phos­
phorus fertilization in the spring, whereas corn 
and second cuttings of leguminous hays in the 
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summer give relatively little response. 
Eld (1950) reasoned that if soil organic phosphorus contrib­
utes to the phosphorus supply of the plant, the contribution 
should be greater at high soil temperature then at low soil 
temperature. To test this idea, he grew plants in a green­
house at soil temperatures of 20°C. and 35°0. The soil phos­
phorus was then separated into four fractions—one inorganic 
and three organic. At 20°C., the organic fraction soluble in 
1 per cent potassium carbonate and dephosphorylated by hypo-
bromite was found to be of no significant value in predicting 
plant available phosphorus independent of available inorganic 
phosphorus found by the dilute ammonium fluoride-hydrochloric 
acid extractant of Bray and Kurtz. At that temperature, plant-
available phosphorus depended almost entirely on available 
inorganic phosphorus. At 35°G., however, the organic fraction 
was of significant value in predicting plant-available phos­
phorus independent of the inorganic fraction, but the inor­
ganic fraction was not of significant value independent of 
the organic fraction. From these results, Eid et al. (1954) 
postulated that the observed.relationship existed because of 
the increased rate of mineralization at the higher tempera­
ture. This explanation implies that the fraction of organic 
phosphorus hydrolyzed by hypobromite was indeed correlated 
with the fraction of organic phosphorus susceptible to min­
eralization. 
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Van Diest (1957) attempted to clarify the cause and 
effect relationship between organic phosphorus mineralization 
and increased phosphorus uptake by the plants. He obtained 
estimates of organic phosphorus mineralized during incubation 
and related them to the yield of phosphorus in plants. In the 
case of alkaline soils only, the relationship was found to be 
significant independent of the labile inorganic phosphorus. 
The finding agrees with the observation that under alkaline 
soil conditions, organic phosphorus mineralization proceeds 
with relative rapidity. 
In retrospect, It appears that the strong alkali extract­
ants used by both Chlrikov and Volkova (1941) and Williams 
(1950) may have led to hydrolysis of organic phosphorus during 
extraction with consequent underestimation of the organic 
phosphorus fraction. Moreover, the soils used by Chlrikov 
and Volkova (1941) were acidic In reaction, and It may be 
recalled that in such soils Van Diest (1957) likewise did not 
find a significant correlation between plant uptake and the 
organic phosphorus fraction, independent of the inorganic 
phosphorus fraction. Whether for alkaline soils the relation­
ship between soil organic phosphorus and yield of phosphorus 
In plants is that of cause and effect per se remains to be 
seen. The real test of significance of soil organic phos­
phorus to the phosphorus nutrition of plants, however, will be 
provided by estimation of the proportion of phosphorus in 
plants derived from soil organic phosphorus. 
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ANALYSIS OF THE PROBLEM 
Earlier work has shown that the organic phosphorus min­
eralized during incubation of different alkaline soils in the 
laboratory may have a significant statistical association with 
the uptake of soil phosphorus by plants independently of the 
labile inorganic phosphorus. If the relationship between 
soil organic phosphorus mineralization and yield of phos­
phorus in plants, for a group of soils, is truly independent 
of other factors, a possible explanation may be that (a) while 
plants are growing, some of the organic phosphorus is min­
eralized by microorganisms in the soil, and some of the min­
eralized phosphorus is absorbed by the plants, and (b) the 
quantities of organic phosphorus mineralized and absorbed 
during plant growth, although large enough to supply a sig­
nificant proportion of the plant phosphorus, are poorly cor­
related with the increase in labile inorganic phosphorus 
resulting from previous organic phosphorus mineralization, 
so that a satisfactory estimate of the organic phosphorus 
effect cannot be obtained from measurements of labile inor­
ganic phosphorus carried out before the crop is grown. This 
supposed behavior will be recognized as analogous to the 
behavior of soil nitrogen. 
Statistical association of tv;o variables, however, does 
not constitute in itself full proof of cause and effect rela­
tionship between them. This may be the case with organic 
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phosphorus mineralization and increased phosphorus uptake "by 
plants. We have reason to suspect that, correlated with soil 
organic phosphorus mineralization, there are other processes 
at work which help to augment the reserves of available inor­
ganic phosphorus from which the plants can draw. Thus, it is 
conceivable that the statistical association observed is 
merely a consequence of a correlation between two products of 
soil organic matter decomposition, one having a significant 
effect and the other (mineralized organic phosphorus) having 
a nonsignificant effect. An increased solubility of inorganic 
phosphorus compounds caused by decomposition products of 
organic matter that form complexes with calcium, iron and 
aluminum ions of the soil (Jahn, 1955) is one possibility. 
A second possibility is a correlation of organic phosphorus 
mineralization with carbon dioxide production. Carbon dioxide 
production is known to promote dissolution of inorganic phos­
phorus in neutral and alkaline soils. Thus, the supposed 
effect of organic phosphorus mineralization on increased phos­
phorus uptake by plants growing in such soils might be, in 
reality, an effect of inorganic phosphorus brought into solu­
tion by carbon dioxide. This hypothesis can be tested by 
measuring carbon dioxide evolution during incubation and then 
finding whether the organic phosphorus mineralization is asso­
ciated significantly with the yield of phosphorus in plants 
grown on soils independently of both carbon dioxide evolved 
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and the labile inorganic phosphorus in the soils. 
A second alternative hypothesis to explain the signifi­
cant correlation of mineralized organic phosphorus with yield 
of phosphorus in plants is that the mineralization of organic 
phosphorus by microorganisms acting throughout the soil is a 
process of little importance in itself, but it is correlated 
with organic phosphorus mineralization of relatively large 
magnitude that occurs in a thin layer of soil adjacent to the 
roots under the influence of soil microorganisms and the activ­
ity of exo-enzymes on the surface of plant roots (Rogers et 
al., 1941; Hayashi and Takijima, 1955c; Fiaig et al., 1960). 
Plants then absorb some of this mineralized phosphorus. One 
approach to investigate this hypothesis may be to measure the 
change in content of soil organic phosphorus both in the 
presence and absence of plant growth. If the plant roots 
have the capacity to enhance the rate of mineralization of 
organic phosphorus present in the adjacent soil, the true 
différence between the p.p.m. of soil organic phosphorus 
before and after growth of a crop will be larger than that 
in a comparable soil in the absence of plant growth. Unfor­
tunately, however, the observed reduction in the content of 
soil organic phosphorus during crop growth will represent 
the algebraic sum of the decrease of indigenous organic phos­
phorus and the Increase of organic phosphorus resulting from 
the presence of roots. Because the addition of organic phos­
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phorus from the roots will always ce a positive quantity, the 
measured reduction in the content of soil organic phosphorus 
due to cropping will likely fall short of the true reduction 
and will always be a conservative estimate of the latter. 
Notwithstanding this possibility, If the amount of soil 
organic phosphorus mineralized (and hence absorbable by 
plants) is considerably larger under plant cover than without 
plant cover, there will be evidence to suppose that the mechan­
ism of consequence for rendering soil organic phosphorus 
available for plant uptake is the mineralization induced by 
plant roots. 
In connection with the hypothesis that exo-enzymes on 
the surface of plant roots enhance the rate of mineralization 
of soil organic phosphorus, a qualitative test may be pos­
sible by estimating the reduction of organic phosphorus in 
the soil adjacent to the roots and comparing it with the -
reduction throughout the soil. If the suggested mechanism 
is correct, then reduction of organic phosphorus in the soil 
adhering to the roots may be larger than in the bulk of the 
soil. However, the procedure of sampling the soil to obtain 
a reliable estimate of this type runs the risk of contamina­
tion of native organic phosphorus by the plant phosphorus in 
the fine root hairs that may not be separated by sieving. 
Alternatively, this hypothesis can be tested by growing plants 
in both soil suspension and water and then measuring the 
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reduction in the content of soil organic phosphorus. 
Having obtained the estimates of native organic phos­
phorus mineralized under conditions of plant growth, the 
problem is to assign meaningful values to them. One way might 
be to multiply them by hypothetical fractional recovery 
coefficients—hypothetical, because we are yet unable to 
determine what fraction of organic phosphorus mineralized is 
ultimately absorbed by the plants. ¥e can obtain some guid­
ance, however, from the results of experiments in which the 
recovery of phosphorus added in soluble form as fertilizer has 
been determined. Whether the recovery in plants of mineral­
ized organic phosphorus is, indeed, comparable with the 
recovery from added fertilizer, is a matter of conjecture. 
If the roots promote mineralization of organic phosphorus in 
the adjacent soil, the recovery from mineralized organic phos­
phorus may actually be greater than from added fertilizer 
simply because the mineralized organic phosphorus lies close 
to the roots and is easily absorbable. The effect may be just 
the opposite if the important process is mineralization of 
organic phosphorus throughout the soil by microorganisms. 
Also while soluble fertilizer phosphorus has maximum avail­
ability at or shortly following the time it is added, usually 
before growth, mineralized organic phosphorus should become 
available gradually. 
A third alternative hypothesis to explain the significant 
19 
correlation between soil organic phosphorus mineralized during 
incubation in the laboratory and yield of phosphorus in the 
plants is that the association of soil organic phosphorus with 
the plant measurements is a bona fide cause and effect rela­
tionship that can be explained on the basis of one of the 
hypotheses amplified above, but that the relationship exists 
because of mineralization that is much more rapid under the 
experimental conditions where the soil has been dried before 
use, than under natural conditions where the soil remains 
moist. On the basis of information obtained from short-term 
incubation experiments (Thompson, 194?; Hayashi and Takijima, 
1955a), it seems likely that previous drying increases the 
susceptibility of e part of the soil organic phosphorus to 
mineralization. This hypothesis can be tested by investigat­
ing the association between soil organic phosphorus mineraliza­
tion and plant growth on a group of soils where plants are 
grown on samples that are maintained in a moist condition 
throughout and on comparable samples that are air-dried before 
each planting." 
Based on these considerations, three experiments were 
designed. In the first, samples of alkaline soils employed 
by Van Diest were incubated in a moist condition at a temper­
ature favorable for organic phosphorus mineralization. The 
carbon dioxide evolved was absorbed in standard alkali and 
titrated at the close of the incubation. The organic phos­
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phorus mineralization was determined. A statistical test was 
then carried out to find whether the organic phosphorus min­
eralization was associated significantly with the yields of 
phosphorus in plants grown on these soils (data of Van Diest, 
195?) independently of the carbon dioxide evolved and the 
labile inorganic phosphorus in the same soils (data of Van 
Diest, 1957). In the second experiment, a group of soils 
were cropped for a given period using a succession of crops. 
At the same time, identical cultures were left unplanted. In 
one series, the soils were air-dried before each planting, and 
in the other, these were kept moist throughout. Soil samples 
were taken at the end of the cropping season from the bulk 
soil and the soil adjacent to the roots and were analyzed 
together at the end. Estimates of phosphorus in plants 
derived from soil organic phosphorus were worked out from the 
soil and plant analyses. In the third experiment, single corn 
seedlings held in a stopper were placed in tared centrifuge 
tubes containing soil suspension and water and were grown for 
a week. At the end of this period, the reduction in the con­
tent of soil organic phosphorus resulting from the presence 
of tne roots was measured. 
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MATERIALS AND METHODS 
Incubation Experiment 
The soils used in this experiment were a group of 36 
alkaline soils earlier employed by Van Diest (1957). The 
field capacity of each soil was estimated by the method of 
Bouyoucos (1935). Duplicate samples of 150 gm. of these soils 
were then taken in quart mason jars and moistened to field 
capacity before incubation for 3 weeks at 35°C. 
Carbon dioxide evolution was determined by placing a 
small sample bottle containing 25 ml. of a 5 per cent solution 
of sodium hydroxide inside the sealed jar containing the moist 
soil. At the same time, sodium hydroxide was included in 
eight empty jars as a blank. Because of Moore's (1959) 
criticism of the incubation procedure of Thompson et al. 
(1954) that anaerobic conditions were present in his soils 
when they were aerated on the 3rd, 9th and 15th day, the soils 
in this experiment were aerated at intervals of 1, 2, 3, 5, 
7, 9, 12, 15 and 18 days. At the end of the incubation period, 
the contents of each bottle were quantitatively transferred 
to a 250-ml. Erlenmeyer flask. Fifty ml. of 2 |barium chlor­
ide were added to each flask to precipitate the carbonate. 
The excess sodium hydroxide was titrated with standard hydro­
chloric acid using phenolphthalein in the presence of barium 
carbonate in accordance with the suggestion of Wlllsrd and 
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Furman (1940). 
The mineralization of soil organic phosphorus was esti­
mated in the following way. Soil samples, at the end of the 
incubation period, were air-dried and ground to pass through 
a 60-mesh sieve. These were then analyzed according to a 
modification of the HCI-NH4OH extraction procedure followed 
by Van Diest (1957). Since several changes have been made, 
the method will be described in detail. A 0.5-gm. sample of 
soil was weighed into a 50-ml. polypropylene centrifuge tube, 
and 10 ml. of 1 N hydrochloric acid were added to it. The 
soil suspension was stirred, and the tube was later warmed on 
a water bath in such a manner that after 10 minutes the con­
tents attained a temperature of 70°C. The soil suspension 
was stirred again, centrifuged at top speed in a Servall super 
centrifuge for 15 minutes and then decanted into pressure-
filter apparatus fitted with polypore membranes ( G-elman type 
1120, 0.23 microns) to remove mineral grains. The filtrate 
was collected in a 125-ml. Erlenmeyer flask graduated at 140 
ml. Another 35 ml. of 1 K hydrochloric acid were added to 
each centrifuge tube, after which the contents were stirred 
and allowed to stand at room temperature for 1 hour. The 
suspension was stirred again, centrifuged for 20 minutes and 
then decanted into the already fitted polypore-membrane pres­
sure filters. The filtrate was collected in the same Erlen­
meyer flasks as before. 
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Thirty-five ml. of 0.5 K ammonium hydroxide were then 
added to each centrifuge tube, after which the contents were 
stirred and allowed to stand at room temperature for 1 hour. 
(Inclusion of this additional step of cold alkali extraction 
was considered desirable to minimize the hydrolysis of organic 
phosphorus during the following hot alkali extraction.) The 
suspensions were stirred again, centrifuged for 30 minutes, 
decanted off and then filtered through the same pressure fil­
ters as before. Another 35 ml. of 0.5 N ammonium hydroxide 
were added to these tubes, and the contents were stirred. The 
tubes were then fitted with Bunsen values and kept in an oven 
at 90°C. for 4 hours. At the end of this period, the tubes 
were removed from the oven, and the contents were cooled, 
stirred, centrifuged, decanted and filtered as before. The 
combined extracts collected in the Erlenmeyer flasks were 
then made up to volume with distilled water and thoroughly 
mixed. The pH of the combined extract thus collected was 
found to be about 1.1. 
For the analysis of total phosphorus, a 10-ml. aliquot 
of the combined extract was pipetted into a 50-ml. beaker. 
One ml. each of 6 K ammonium hydroxide and 10 per cent mag­
nesium nitrate were added to the beaker, and the contents 
were evaporated to dryness on a steam piste and ignited in a 
muffle furnace. The temperature of the furnace was raised 
to £00°C. and maintained at this level for 1 hour. Then the 
temperature was raised to 500°C. After £ hours at this temp­
erature, the beaker was cooled. The ash was dissolved in 5 
ml. of 1 i hydrochloric acid and digested on a steam plate 
for 10 minutes. The contents of the beaker were then quan­
titatively transferred to a 50-ml. volumetric flask, made up 
to volume by adding distilled water and thoroughly mixed. 
A 10-ml. aliquot from a volumetric flask was transferred 
into a colorimeter tube graduated at 35 ml. One drop of pera-
nitrophenol indicator solution was added, and 6 K ammonium 
hydroxide was used drop by drop until the solution turned 
yellow. Half-normal hydrochloric acid was then added drop-
wise until the yellow color was discharged. The resulting 
solution was diluted to the -35-ml. mark with distilled water, 
and 5 ml. of ammonium molybdate-hydrochloric acid solution 
(Mehta et al., 1954) were added. The tube was shaken end 
over end. After the colorimeter had been adjusted to full-
scale reading upon inserting the photometer tube, 3 drops of 
stannous chloride solution (Mehta _et al., 1954) were added, 
and the tube was shaken end over end. After 12 minutes, dur­
ing which the blue color developed, the decrease in percentage 
transmittance was read in the colorimeter. The concentration 
of inorganic orthophosphate in the solution was inferred from 
a calibration curve made using the same reagents as for the 
unknowns, with addition of increasing quantities of potassium 
di-hydrogen phosphate (Mehta ejt al., 1954). 
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To determine Inorganic phosphorus in the soil extract, 
a 10-nil. aliquot of the supernatant solution from the Erlen­
meyer flask was transferred to a colorimeter tube and was 
neutralized with 6 N NH4OH. The phosphorus assay was then 
carried out according to the procedure outlined above for 
to t al pho sphorus . 
Organic phosphorus mineralization was estimated as an 
average of two values, namely, the increase in extractable 
inorganic phosphorus as a result of incubation and the de­
crease in extractacle organic phosphorus as a result of 
incucation (Van Diest, 1957). 
Multiple linear regression equations were calculated 
using the yield of phosphorus in plants as a dependent vari­
able and the estimates of (i) mineralized organic phosphorus, 
(ii) inorganic phosphorus extracted by the 0.025 N HC1, 0.0-3 
K NH4F method of Bray and Kurtz (data of Van Diest, 1957) 
and (ill) carbon dioxide evolved during incubation (data of 
this experiment) as independent variables. The regression 
analysis was carried out twice using, in one instance, the 
estimates of organic phosphorus mineralization obtained in 
this study and, in the second instance, the organic phos­
phorus mineralization measurements of Van Diest. 
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Greenhouse Experiment 
Surface-soil samples of six soils were used in this 
study. Of these, four were collected from the Agronomy fsrm 
south of Ames, one was collected from a virgin site near the 
Agronomy farm, and one was obtained from the Howard County 
Experimental Farm- Table 1 lists the pH of the samples and 
location of sampling sites. 
Table 1. The pH and source of the soil samples used in the 
greenhouse experiment 
Soil no. Soil type pH* Sampling site13 
Oven-dry 
wt. of 
soil per 
culture, 
kg. 
F £951 Clarion loam • 6.2 910, Agronomy Farm . 4.2 
F 2952 Nicollet loam 5.5 1000, Agronomy Farm 3.0 
F £953 Webster silty 
clay loam 
7.5 NW 1/4 SW 1/4 NW 1/4 
Sec 26, T83N, R24W 
2.7 
F £954 Webster silty 
clay loam 
6.8 1025, Agronomy Farm 3.6 
F £955 Floyd silt loam 6.1 Howard County 
Experimental Farm 
3.9 
F £956 Webster silty 
clay loam 
(calcareous 
phase) 
7.9 1208, Agronomy Fsrm 2.4 
apH determined on 1 to 2.5 soil to solution suspension 
with Beckman pH meter. 
cThe numbers refer to plot numbers in the long-time crop-
rotation, soil-fertility experiments. 
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The soils were sieved Through a 1/4-inch mesh screen. 
Large pieces of organic material and stones were discarded. 
After a screened soil had been thoroughly mixed, equal quan­
tities of moist soil were weighed into each of 20 1-gallon 
earthenware jars. With each soil, enough was used to bring 
the height up to about one-half inch below the top. At the 
same time the samples were weighed into the jars, a couple of 
samples were placed in moisture cans, and the water content 
of the soil was determined. 
When the soils had been weighed into the jars, 10 jars 
of each soil were left alone, and the soil was kept moistened 
with distilled water. The contents of the other 10 jars of 
each soil were spread out individually to dry in the green­
house. After the soil had become thoroughly air-dry, it was 
put back into the jars. 
A total of 120 earthenware pots was placed in the green­
house in a randomized block design with five replicates. Each 
replicate consisted of four pots of each soil. The soil of 
two pots was air-dried before planting, while that of the 
other two was kept moist during the same period. Of the two 
pots for each soil and pre-treatment of the soil in a replica­
tion, one was planted, and the other kept unplanted-
Twenty-five seeds of the Graigs after Lea variety of oats 
were laid out in a circular pattern on the soil in the jar and 
covered lightly with a thin film of the same soil. Water was 
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then added to each pot according to individual requirements, 
and this process was repeated daily until 2 to 3 days before 
harvesting the plants. The number of plants was reduced to 
16 shortly after emergence. The experiment was started on 
December 4, 1960. On December 21, 1960, 100 mg. of nitrogen 
were added to each pot in the form of 25 ml. of a solution 
containing 0.145 gm. of ammonium nitrate, 0.259 gm. of potas­
sium nitrate and 0.119 gm. of calcium nitrate (Ca ( N O g ) g ^ H g O )  .  
This dosage of fertilizer was applied in a similar fashion 
to each of the succeeding three crops. The ratio in which 
these three salts were supplied in solution to the plants was 
determined by two conditions (Allmaras, 1960). The first con­
dition was that no residual pH change should result from addi­
tion of the salts. The second condition was that nitrogen 
and potassium should be utilized in the same proportion in 
which they are supplied, so that neither constituent would 
accumulate to excess in the soil. 
Occasionally, the plants were sprayed with chlordane to 
control aphids. One per cent manganous sulphate was twice 
sprayed to correct a suspected manganese deficiency. 
Plants were allowed to grow until growth in all pots had 
virtually ceased. Watering was then stopped to let the plants 
dry the soil somewhat before harvesting. 
Plant tops were harvested, and the roots were sieved 
out, making as good a separation of soil and roots as prac-
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ileal, with special care to remove the seed residues. The 
tops and roots were dried in separate paper bags in a forced-
air-draft dryer for 48 hours at 65°C. and then stored for 
future use. At the seme time that the roots were sieved out, 
samples of several grams of soil adhering closely to the roots 
were taken. 
The screened bulk soil was mixed, and a sample was taken 
for analysis. Samples from uncropped containers were also 
taken at the same time. All these samples were air-dried and 
then placed in cold storage at a temperature of 4°C. for 
future analysis. 
The soil from treatments that were to be dried between 
crops was air-dried. The soil from nondried treatments was 
returned to the original containers and was kept moist. 
To flush off the accumulated salts from the soil, enough 
water was added to all samples to cause about 500 ml. of solu­
tion to appear as drainage. Glass wool plugs were inserted 
into the drain holes to keep soil -from moving along with the 
solution. The volume of drainage was measured, and the drain­
age water was analyzed immediately for organic phosphorus. 
When the soil in the pots was dry enough for planting, 
hybrid sorghum RS610 we.s grown. Another crop of sorghum and 
one of oats followed in that order. The temperature in the 
greenhouse was maintained at about 21°G. when the oats were 
grown, but during a part of the time when sorghum crops were 
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grown, the temperatures were considerably higher. Between 
harvesting of the one crop and planting of another, the 
processes of drying the plant tops and roots, taking the 
various soil samples and drying the soil from treatments that 
were to be dried between crops were carried out. Between the 
second sorghum crop and the last crop of oats, the soil was 
again flushed with water to remove excess salts. 
At the end of the experiment, the roots and tops for each 
replicate, soil, pre-treatment of the soil and crop were dried 
again in separate paper bags in a forced-air-draft dryer for 
48 hours at 65°C. and weighed individually• All the tops for 
all crops for a given replicate, soil and pretreatment of 
soil were then composited. The composite samples were dried 
again, ground in a Wiley mill and stored in sample bottles 
for subsequent analysis. 
To estimate the weight of roots in each replication and 
treatment, the following procedure was adopted. The roots of 
all crops from a given replication, soil and pretreatment of 
the soil were composited and weighed. The total roots for 
each composite sample, along with a sample of the correspond­
ing tops and the soil on which both had grown, were then 
ignited in a muffle furnace at 500°C. for 24 hours. Then, 
on the assumption that ash percentage in the roots is the 
same as that in the tops, the weight of roots was calculated 
as follows. 
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Wt. of roots dried at 
65°C. and free of soil 
Wt. of roots vit. of ignited 
+ soil dried - residue from anea at bo v. 
at 65°C. roots and soil ^f'soll^^^ 
Wt. of sample of plant Vit. of soil sample 
tops dried at 65°C- _ dried at 65°G. 
Wt • of ash in the sample of V/t. of ignited sample 
plant tops dried at 65°C. of soil 
wt. of sample of plant tops dried at 65°G. 
Wt. of ash in the sample of plant tops dried at 65 C. 
To determine phosphorus in the plant material, the sample 
bottles containing ground plant samples were placed in an oven 
at 65°G. for 12 hours. The twelve samples from one replicate 
were dried at the same time. The oven-dried samples were 
cooled in a desiccator. Then, following thé procedure describ­
ed by McCants (1855), 1 gm. of each sample was weighed on an 
analytical balance and transferred to s 50-ml. beaker. Ten 
ml. of a 5 per cent magnesium acetate solution were added to 
each beaker. The contents of the beakers were evaporated to 
dryness on a steam plate, and the beakers were placed in a 
cold muffle furnace. The temperature of the furnace was 
raised to 200°C. and maintained there until charring of the 
plant material was complete. The temperature then was raised 
to 500°C. After 2 hours at this temperature, the beakers 
were cooled and removed from the furnace, the ash was moisten­
ed with 1 K nitric acid, and the acid was evaporated on the 
steam plate. The beakers were again placed in the muffle 
-cr 
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furnace and heated at 500° C. for i hour. After the beakers 
had cooled, the ash was dissolved in 10 ml. of IK hydro­
chloric acid on the steam piste, and the contents of each 
beaker were transferred quantitatively into a 100-ml. volu­
metric flask. After dilution to volume, the contents of the 
flask were thoroughly mixed, and the suspended material was 
allowed to settle before aliquots were taken for analysis. 
To determine the quantity of inorganic phosphorus in the 
extract, a 5-ml. aliquot of the plant-ssh solution was trans­
ferred to a colorimeter tube, and 25 ml. of ammonium molybdate 
ammonium metavanadste solution (McCants, IS55) were added 
from an automatic pipette- The solutions were mixed and 
allowed to stand for a minimum of 1 hour. The transmittancy 
was determined on an Evelyn photoelectric colorimeter with a 
420-millimicron filter. Stock phosphorus standard solutions 
were prepared by adding 3 ml. of concentrated nitric acid and 
the appropriate quantity of potassium dihydrogen phosphate to 
500-ml. volumetric flasks and diluting the solutions to volume 
with water. The quantity of phosphorus in each stock solution 
was so adjusted that a 5-ml. aliquot of the stock solution 
would give the desired phosphorus concentration after dilu­
tion and development of the yellow color. 
The soil samples taken at the end of the experiment after 
air-drying were ground in a motor-driven agate mortar to pass 
through a 60-mesh sieve and were stored in sample bottles for 
subsequent analysis. The "bulk" and "root" soil samples taken 
from the planted soil after the fourth crop, both dried and 
not dried between crops, as also the samples from unplanted 
soil, both dried and not dried between crops on planted soils, 
were analyzed together for each soil and replicate, along with 
a sample of the original soil dried and stored. The analyses 
for total and inorganic phosphorus were carried out according 
to the procedure described earlier in connection with the 
incucation experiment. 
The analyses were expressed in the following form: 
a: In the absence of plants 
°i °f = °m^ 
If - li = °m2 
°m = (°m% + °m^ 
b: In the presence of plants 
°i ~ °f = °m]_ + °a ~ °r 
If - Ii + X = offl2 + oa - or 
°m + °a " °r = \ + °a " °r) + (om2 + °a " °r^ 
where 
°i = p-p-a. of organic phosphorus extracted initially, 
Of and Of = p.p.m. of organic phosphorus extracted 
finally in absence and presence of plants, 
respectively, 
Ij_ = p.p.m. of inorganic phosphorus extracted initially, 
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If and If = p.p.m. of inorganic phosphorus extracted 
finally in absence and presence of plants, 
respectively, 
« 
om and om = p.p.m. of organic phosphorus mineralized 
during experiment in absence and presence of plants, 
respectively, 
°a = P'P'ùi- of organic phosphorus absorbed directly by 
plants without mineralization, 
or = p.p.m. of organic phosphorus residual in soil from 
plant growth and not hydrolyzed during extraction, 
and 
Y = yield of phosphorus in plants expressed as p.p.m. 
of soil. 
From the estimates of organic phosphorus mineralized during 
the experiment, some estimates of quantities of mineralized 
organic phosphorus actually absorbed by plants were made. 
Corn Seedling Experiment 
Single-cross B-14 x R-71 corn seeds were germinated in a 
petri dish. Single seedlings held in stoppers were then 
placed in polypropylene centrifuge tubes containing a sus­
pension of 0.5 gm. of soil in 30 ml. of tap water. At the 
same time, check tubes containing soil suspension in water 
but without seedlings were placed alongside. Corn seedlings 
in tap water alone were also grown beside the others. The 
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soil suspensions and tap water were aerated by bubbling them 
with compressed air which had earlier passed through a 
reservoir of water. The seedlings were allowed to grow in 
the soil suspensions for a week in a laboratory window at a 
temperature of about 25°C. The roots were then rinsed with 
ample amounts of distilled water, and the seedlings were 
removed. The suspensions and washings from the roots were 
centrifuged, and the supernatants were decanted into separate 
volumetric flasks that were used later to receive the soil 
extracts. The organic phosphorus was then extracted from the 
soil samples, and the extracts were added to the appropriate 
volumetric flasks containing the supernatant solution. The 
combined supernatant solutions and extracts were then analyzed 
for organic phosphorus. 
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RESULTS AND DISCUSSION 
Incubation Experiment 
Van Diest (1957) used 37 acid and 36 alkaline soils in 
the greenhouse to obtain estimates of uptake of soil phos­
phorus by plants. At the same time that he grew plants in the 
greenhouse, he incubated samples of these soils in the labora­
tory to estimate soil organic phosphorus mineralized during 
incubation. Phosphorus extracted by the 0.025 K HC1-0.03 N 
NH4F solution of Bray and Kurtz was also determined. Mul­
tiple regression equations calculated from these data showed 
that for alkaline soils the regression of yield of phosphorus 
in plants on the estimate of organic phosphorus mineralized 
was significant, independent of the inorganic soil phosphorus 
extracted by the 0.025 K HGl-0.03 K NH4F solution. In the 
present investigation, samples of the same 36 alkaline soils 
were incubated for 3 weeks at 35°C. Carbon dioxide evolved 
during incubation was measured, and estimates of organic phos­
phorus mineralized during the same period were obtained. 
Table 2 shows the soil number, soil type, phosphorus extracted 
by the 0.025 N EC1-0.03 N NH4F solution, yield of phosphorus 
in plants per culture (data of Van Diest), carbon evolved as 
carbon dioxide and soil organic phosphorus mineralized during 
incubation (data of both the present investigation and of Van 
Diest). Multiple regression equations were calculated from 
Table 2. Yield of phosphorus in plants, and carbon mineralization end phosphorus 
fractions in soils 
Soil 
no . Soil type 
Yield of 
phosphorus 
in plants 
per cul­
ture, mg. 
Carbon evolved 
per 100 g. of 
soil during 
incubation, 
mg. 
Organic phosphorus 
mineralized during 
incubation, p.p.m. 
Sekhon Van Diest 
Inorganic 
phosphorus 
extracted by 
Bray and 
Kurtz method, 
p.p.m. 
F 2848 Albaton silty 
clay 
F 2849 Albaton silty 
clay 
F 2850 Albaton silty 
clay 
F 2851 Albaton silty 
clay loam 
F 2852 Albaton silt 
lo am 
F 2853 Albaton silt 
loam 
F 2867 Hamburg silt 
loam 
F 2868 Harpster silty 
clay loam 
F 2869 Harpster silty 
clay loam 
F 2870 Harpster silty 
clay loam 
F 2871 Harpster silty 
clay loam 
F 2872 Harpster silty 
clay loam 
Y X1 x2 x2 *3 
6.71 21.9 20 9 24.3 
5.68 20.7 5 4 11.9 
6.65 22.5 18 8 29.1 
6.53 27.9 22 8 25.2 
2.95 14.9 9 5 11.2 
33.80 11.1 74 40 123.4 
0.89 37.5 8 1 2.4 
23.59 28.6 103 45 12.3 
2.95 21.7 20 12 12.4 
5.77 25.3 -3 6 13.5 
2.78 23.2 13 9 6 .3 
1.84 27.8 8 8 4.1 
Table 2. (Continued) 
Yield of Carbon evolved 
phosphorus per 100 g. of 
In plants soil during 
Soil per oui- incubation, 
no. Soil type ture, mg. mg. 
Y 
F 2873 Harpster silty 
clay loam 5.67 10.3 
F 2874 Harpster silty 
1.58 clay loam 17.7 
F 2875 Harpster silty 
clay loam 3.81 23.9 
F 2876 Ida silt loéjn 0.85 15.1 
F 2877 Ida silt loam 6.53 21.5 
F 2878 Ida silt loam 1.21 15.9 
F 2879 Ida silt loam 0.40 11.0 
F 2880 Ida silt loam 0.29 11.3 
F 2881 Ida silt loam 1.54 13.3 
F 2882 Ida silt loam 5.87 16.4 
F 2885 Loess 0.25 3.1 
F 2890 Onawa silty 
clay loam 4.32 18.3 
F 2891 Onawa silty 
clay loam 2.38 8.1 
F 2892 Onawa silty 
clay loam 2.17 20.8 
F 2893 Onawa silty 
clay loam 2.92 15.5 
F 2894 Onawa silty 
clay loam 3.97 22.2 
Inorganic 
phosphorus 
Organic phosphorus extracted by 
mineralized during Bray and 
incubation, p.p.m. Kurtz method, 
Sekhon Van Diest p.p.m. 
x2 x2 x3 
10 7 0.4 
21 8 0.6 
34 10 2.3 
13 3 2.5 
12 9 18.8 
23 2 3.1 
-4 0 ' 1.3 
11 1 1.2 
9 6 4.6 
15 10 16.5 
0 0 1.3 
6 4 8.5 
2 4 9.5 
-1 2 6.2 
8 8 7.0 
2 5 11.8 
Table 2. (Continued) 
Inorganic 
Yield of Carbon evolved phosphorus 
phosphorus per 100 g. of Organic phosphorus extracted by 
in plants soil during mineralized during Bray and 
Soil per cul­ incubation, incubation, d.d .m. Kurtz method, 
no. Soil type ture, mg. mg. Sekhon Van Diest p.p.m. 
Y X1 x2 
i 
x2 x3 
F 2895 Onawa silty 
clay loam 0.88 12.5 1 3 3.5 
F 2896 Onawa silty 
clay loam 2.78 16.8 7 5 7.2 
F 2897 Onawa silty 
clay loam 17.25 20.3 19 16 79.9 
F 2898 Onawa silt 
loam 7.79 25.7 16 10 24 .9 
F 2899 Onawa very fine 
sandy loam 3.16 11.7 22 5 9.5 
F 2900 Sarpy silty 
clay 4.10 13.4 10 5 8.6 
F 2914 Webster silty 
clay loam 4.05 19.0 5 9 12.7 
F 2915 Webster silty 
clay loam 4.78 14.7 12 11 13.6 
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these data, using figures for yield of phosphorus as the de­
pendent variable and (l) carbon evolved, (il) organic phos­
phorus mineralized and (ill) inorganic phosphorus extracted 
by the 0.025 N HC1-0.03 N NH4F solution of Bray and Kurtz as 
independent variables. 
In the first equation, the data on carbon evolved during 
incubation, the estimate of organic phosphorus mineralized 
during the same period (data of the present investigation) and 
inorganic phosphorus extracted by the 0.025 K HCl-0.03 N KH4F 
solution were used as independent variables. The equation 
obtained from these data is as follows. 
Y = 0.06X]_ + O.lYXg + 0.18xg - 0.95 (l) 
+0.05 +0.02 +0.05 
The figures directly below the regression coefficients 
are the standard errors associated with the respective coeffi­
cients. The significance of the regression of yield of phos­
phorus on the individual dependent variables can be found 
approximately from the ratios of the regression coefficients 
to their respective standard errors by the use of student's 
"t" table. 
The regression of yield of phosphorus on x^, carbon 
evolved as carbon dioxide during incubation, is not signifi­
cant. But the regressions of yield of phosphorus on both x^ 
and x.3, the organic phosphorus mineralized during incubation 
and the phosphorus extracted by the 0.025 N HCl-0.03 N NH4F 
solution, respectively, are significant at the 1 per cent 
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level. Table 5 summarizes the tests of predictive ability of 
the independent variables. 
The tests of significance of the three regression coeffi­
cients show that once the information on extractable inorganic 
phosphorus end organic phosphorus susceptible to mineraliza­
tion has been obtained, no significant additional information 
Table 3. Test of each x after the effect of the other two 
has been removed 
Degrees of Sum of Mean 
Source of variation freedom squares square 
xi, x2 and x3a 3 1442.47 
and Xg 2 1437.21 
X]_ after Xg and x3 1 5.26 5.26 
xl> x2 anà x3 3 1442.47 
X]_ and xg 2 1153.00 
X£ after anti x3 1 289.47 289 .47** 
xl> x2 and x3 3 1442.47 
and Xg 2 955.34 
Xg after x^ and x2 1 487.13 487.13** 
Error 32 111.45 3.48 
< = mg. of carbon evolved as carbon dioxide per 100 
gm. of soil during incubation, xg = p.p.m. of organic phos­
phorus mineralized, and xg = p.p.m. of phosphorus extracted 
by the 0.025 K HCl-0.03 N KH4F solution of Bray and Kurtz. 
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oï value In predicting the yield of phosphorus is gained from 
the measurements of GOg evolution during incubation. On the 
other hand, leaving out measurements on either organic phos­
phorus mineralization or available inorganic phosphorus leads 
to a significant loss of information which is valuable in 
estimating the yield of phosphorus in plants. 
The above results can be expressed differently in terms 
of R^, the fraction of variation in yield of phosphorus in 
plants attributable to regression. When x-^, x« and xg are 
c 
all considered, the value of R obtained is 0.93. Ignoring 
p 
xl> COg evolved during incubation, R becomes 0.92. However, 
when Xg, the organic phosphorus mineralized during incubation, 
or Xg, the phosphorus extracted by the 0.025 K HCl-O.Oo N NH4F 
2 
solution is ignored, the R value reduces to 0.74 and 0.61, 
respectively. 
The multiple regression equations were calculated again, 
using measurements on carbon dioxide evolution of this 
experiment and the rest of the data from "Van Diest (1957). 
In the second equation, the data on COg evolved during incu­
bation, the estimate of organic phosphorus mineralized, and 
the phosphorus extracted by the 0.025 N HCl-0.03 N NH^F solu­
tion of Bray and Kurtz are used as independent variables, and 
yield of phosphorus in plants as the dependent variable. 
The resulting equation is 
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X = U.04xjl + 0.45x2 + 0*13X3 - 1.17 ( 2) 
+ 0.04 +0.03 +0.01 
Equations 1 and 2 are essentially similar. The regres­
sion of yield of phosphorus on carbon dioxide evolved during 
incubation is not significant. But, the regressions of yield 
of phosphorus on both xg and xg, the organic phosphorus min­
eralized during incubation and the phosphorus extracted by 
the 0.0^5 N HCl-0.03 K NH4F solution, are significant at the 
1 per cent level * Table 4 summarizes the tests of the three 
independent variables. 
It is obvious from these results that after information 
on extractable inorganic phosphorus and organic phosphorus 
mineralized during incubation has been obtained, no signifi­
cant additional information of value in predicting the yield 
of phosphorus in plants is gained from the measurements of 
COg evolution during incubation. However, significant loss 
of information, valuable in estimating the yield of phosphorus 
in plants, results if measurements on either organic phos­
phorus mineralized or available inorganic phosphorus are not 
taken into consideration. 
2 
In other words, when x^, Xg and Xg are all studied, R , 
the fraction of variation attributable to regression, is 0.96. 
It remains 0.96 when x^, the measurement on carbon dioxide 
evolved during incubation, is ignored. When, nevertheless, 
Xg, the organic phosphorus mineralized during incubation, or 
Xg, the phosphorus extracted by the 0.025 N HCl-0.03 N NH4F 
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Table 4. l'est of each x. after the effect of the other two 
has been removed 
Degrees of Sum of Mean 
Source of varia tlon freedom squares square 
Xj, Xg and x3a 3 1492-10 
xg and x3 2 1489.55 
Xj after Xg and x3 1 2.55 2.55 
x1, Xg and x3 3 1492.10 
x-j_ and xg 2 1153.00 
Xg after x^ and x3 1 339.10 339.10** 
xl' x2 x3 3 1492-10 
X]_ and Xg 2 1302.01 
Xg after x^ and x2 1 190.09 190.09** 
Error 32 61.82 1.932 
ax-j_ = mg. of carbon evolved as carbon dioxide per 100 
gms. of soil during incubation, Xg = p.p.m. of organic phos­
phorus mineralized, and Xg = p.p.m. of phosphorus extracted 
by the 0.0&5 N HC1-0.0-3 N KH4F solution of Bray and Kurtz• 
p  
solution, is ignored, the R value reduces to 0.74 and 0.84, 
respectively. 
Two inferences in respect of these alkaline soils can be 
drawn from the preceding results. First, carbon dioxide evo­
lution during incubation is not significantly correlated with 
yield of phosphorus in plants. Second, the soil organic 
phosphorus, mineralized during incubation is significantly 
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correlated with the yield of phosphorus in plants, inde­
pendently of doth extractable inorganic phosphorus in soil 
and carbon dioxide evolved during incubation. If carbon 
dioxide evolved during incubation brings into solution some 
insoluble inorganic phosphorus, and if this increase in sol­
uble inorganic phosphorus, rather than the quantity of organic 
phosphorus mineralized, causes increased uptake of phosphorus 
by plants, then the quantity of insoluble inorganic phosphorus 
rendered soluble by carbon dioxide action should be correlated 
with the yield of phosphorus in plants. Furthermore, when 
this quantity is substituted for organic phosphorus min­
eralized as an independent variable in the preceding calcu-
2 lations, the R value should remain unchanged. But. as it is, 
we cannot directly measure the quantity of insoluble inorganic 
phosphorus rendered soluble by carbon dioxide action. For 
lack of alternative, the measurements on carbon dioxide evolu­
tion have been substituted. It may, however, be noted that 
action of carbon dioxide may differ in different soils because 
of variation in their buffering capacities and susceptibility 
of the inorganic phosphorus to dissolution, as a result of 
which close parallelism between carbon dioxide evolved and 
inorganic phosphorus rendered soluble may not exist. All 
that can be said on the basis of these results is that vari­
ations in the carbon mineralization in these soils did not 
account for the observed variations in phosphorus uptake by 
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plants from these soils. Whether the hypothesized mechanism 
is incorrect cannot be said with certainty. 
Greenhouse Experiment 
Average yields of plant tops and roots, per cent phos­
phorus and phosphorus uptake per culture ere listed in Table 
5 .  
Examination of the data reveals that only in the case of 
virgin Webster silty clay loam soil did previous drying in­
crease the yield of tops and roots. The per cent phosphorus 
in plant tops also increased in this soil on drying of the 
soil between crops. Since this was the only virgin soil used 
in the study, the observation suggests that in a virgin soil, 
previous drying increases the availability of native phos­
phorus. The possibility exists that this increase in avail­
ability results from an effect of drying on the susceptibil­
ity to mineralization of that fraction of soil organic phos­
phorus which is relatively difficultly mineralizable. 
Table 6 lists the amounts of Inorganic and organic phos­
phorus collected in the drainage when the soil was leached to 
flush off the accumulated salts. The data show that the 
largest amount of organic phosphorus was leached from the 
virgin Webster silty clay loam and the least amount from 
Clarion loam. Further, more phosphorus in both organic and 
inorganic combination was recovered in the drainage from 
Table 5. Total yield of tops and roots in four successive crops, per cent 
phosphorus and phosphorus uptake per culture 
Total Total 
Total yield of yield of 
Total estimated dry pho s-
yield of yield of matter Per cent phorus 
tops per roots per per phos- per 
Soil Pretreatment culture, culture, culture, pho rus culture, 
no. Soil type of soil gm. gm. gm. in tops mg. 
F £951 Clarion loam Soil dried 
between crops 9 .9 5.7 15.6 .0596 9.3 
Soil kept moist 11.6 5.8 17.4 .0632 11.0 
F 2952 Nicollet loam Soil dried 
between crops 18.1 8.6 26.7 .0899 24.0 
Soil kept moist 22.3 9.1 31.4 .0987• 31.0 
F 2953 Webster silty Soil dried 
clay loam between crops 52.9 22.1 75.0 .0795 59.6 
(virgin) Soil kept moist 44.3 16.0 60.3 .0692 41.7 
F 2954 Webster silty Soil dried 
clay loam between crops 21.0 9.2 30.2 .0937 28.3 
(cultivated) Soil kept moist . 26.7 j 10.7 37.4 .0936 35.0 
F 2955 Floyd silt Soil dried 
lo am between crops 20.0 8.4 28.4 .0986 28.0 
Soil kept moist 23.8 10.3 34.1 .0982 33.5 
F %956 Webster silty Soil dried 
clay loam between crops 21.1 8.4 29.5 .0946 27.9 
(calc. Soil kept moist 27.0 9.6 36.6 .0907 33.2 
phase) 
Table 6. Phosphorus leached from soil 
Phosphorus In leaohate per culture. ^t<g. 
First Second Total 
leaching leaching Total phosphorus 
Inorg. Org. Inorg. Org. Inorg. Org. In leaohate, 
P P P P P P p.p.m. soil 
Soils* 
F 2951-Clarion loam 17 78 14 93 31 171 0.048 
F 2952-Nicollet loam 13 164 13 112 26 276 0.101 
F 2953-Webster silty clay 
loajn ( virgin) 40 423 58 284 98 707 0.298 
F 2954-Webster silty clay 
loam (cultivated) 18 206 14 166 32 372 0.112 
F 2955-Floyd silt loam 12 199 16 143 28 342 0.095 
F 2956-Webster silty clay 
loam (calc. phase) 21 230 21 152 42 382 0.177 
Pretreatment of the soil*3 
Soil air dried before 
planting 26 3 50 23 212 49 562 0.185 
Soil kept moist 14 83 22 105 36 188 0.068 
Planted vs. non-planted^ 
Soil not planted 16 220 23 163 39 383 0.128 
Soil planted 24 213 22 163 46 366 0.125 
^Average of 20 pots. 
kAverage of 60 pots. 
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soils which were air-dried between plantings thsn from soils 
which were kept moist during the same period. It may, how­
ever, be noted that the relative losses of phosphorus in the 
le achates are from 0.05 to 0.30 p.p.m. when calculated on the 
soil basis. These values are negligible. It follows, there­
fore, that any observed decrease in the content of soil 
organic phosphorus during the experimental period is properly 
ascribed to the process of mineralization in the absence of 
plants and to mineralization plus any direct absorption of 
organic phosphorus that occurs where plants are present. 
Table 7 lists the average estimates of organic phosphorus 
mineralized both in the absence and presence of plants. In 
the absence of plants, the estimates of mineralization of 
organic phosphorus have been obtained by averaging (1) the 
reduction in the content of organic phosphorus during cropping 
on the planted soil and (ii) the increase in the content of 
inorganic phosphorus during the same period. In the presence 
of plants, and in the "bulk" soil, these estimates are aver­
ages of (i) the reduction in the content of organic phosphorus 
during cropping and (ii) the increase in the content of 
inorganic phosphorus plus the ejnount of phosphorus removed 
by plants during the same period. In the case of "root" soil, 
only the reduction in the content of organic phosphorus during 
cropping furnishes these estimates. 
The average estimated mineralization of organic phos-
Table 7. Estimated mineralization of organic phosphorus in the absence and 
presence of plants 
Excess 
Estimate of organic phosphorus organic 
mineralized, p .p .m. phosphorus 
In absence mineralized 
of plants In presence of plants in presence 
Root of plants, 
Pre-* Bulk, soil soil p -p • m.  
Soil Soil treatment oi- If- °i~ If+Y- °i~ Bulk Root 
no. type of soil 0f li Av . Of Ii A v  .  °f soil soil 
F 2961 Clarion Soil dried 
lo am between 
crops 1.4 0.8 1.1 2.9 2 . 1  2.5 6.8 1.4 5.7 
Soil kept 
moist 1.4 3.0 2.2 3.fc 0 . 7  1 . 9  7 . 1  -0.3 4.9 
F 295% lNicollet Soil dried 
lo am between 
crops 6.4 %  . 6  4.5 14.1 5 . 7  9.9 8.3 5.4 3.8 
Soil kept 
moist 5 .  2  0.2 2.7 16.9 5 . 2  10.5 15.6 7.8 12.9 
F 296-3 Webster Soil dried 
silty between 
clay loam crops 29.2 30.8 30.0 37.7 27.7 32.7 28.7 2.7 -1.3 
(virgin) Soil kept 
moist 23.4 16.6 20.0 28.8 1 8 . 0  23.4 - 4 . 7  3.4 -24.7 
Table 7. (Continued) 
Estimate of organic phosphorus 
mineralized, p.p.m. 
In absence 
of plants 
Soil 
no. 
Soil 
type 
Pre^ 
treatment 
of soil 
In presence of plants 
Root 
Bulk soil soil 
Excess 
organic 
phosphorus 
mineralized 
in presence 
of plants, 
o »p » m .  
1 •H O 
o
 I f -
li Av . 
1 
-
<H •
H 
O 
O 
I I  Av. % Bulk soil Root soil 
1 . 6  7 . 6  4 . 6  2 7 . 3  1 : 3 . 7  20.5 30.8 1 5 . 9  2 6 . 2  
1 0 . 4  1 1 . 2  1 0 . 8  4 1 . 2  1 5 . 2  28.2 29.9 1 7 . 4  1 9 . 1  
1 9 . 6  1 7 . 2  1 8 . 4  1 4 . 5  5 . 3  9.9 2 5 . 1  -8.5 6 . 7  
1 7 . 8  1 5 . 6  1 6 . 7  20.8 1 - 3 . 1  16.9 3 5 . 5  0 . 2  1 8 . 8  
1 4 . 4  4 . 8  9 . 6  1 7 . 5  - 3 . 0  7.3 
to CO 1—
1 
- 2 . 3  8 . 7  
13.6 5 . 6  9.6 29.2 - 0 . 0  1 4 . 6  29.9 5 . 0  20.3 
1 2 . 0  9 . 7  1 0 . 8  21.2 8 . 6  1 4 . 9  19.3 4 . 0  8 . 4  
F 2954 Webster 
silty 
clay loam 
(culti­
vated) 
F 2955 Floyd silt 
loam 
F 29 56 Webster 
silty 
clay loam 
(calc. 
phase) 
Soil dried 
between 
crops 
Soil kept 
moist 
Soil dried 
between 
crops 
Soil kept 
moist 
Soil dried 
between 
crops 
Soil kept 
moist 
Av erage 
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phorus for all soils ana pretreatments of soils was 11 p.p.m. 
in the absence of plants, 15 p.p.m. in the presence of plants 
in the bulk soil, and 19 p.p.m. in the root soil• The hypoth­
esis that the mineralization of soil organic phosphorus is 
enhanced by the presence of plants is thus confirmed. Results 
of this aspect of the present investigation agree with those 
of Hayashi and T'akijima ( 1955b) and Flaig et al. (i960). 
Perusal of the data for bulk soil in Table 7 shows a poor 
correspondence between the two estimates for organic phos­
phorus mineralization in the presence of plants. The value 
obtained from the apparent increase in inorganic phosphorus 
is lower than that obtained from the apparent decrease in 
organic phosphorus. The apparent increase in inorganic phos­
phorus in a soil during cropping was estimated from the sum 
of increase in the content of inorganic phosphorus extracted 
(If - ) and the yield of phosphorus in plants expressed as 
p.p.m. of soil (y). If the values for y are low, low esti­
mates for increase in inorganic phosphorus during cropping 
would result. There is a possibility that values of y are 
conservative since they are based on the total weight of soil 
rather than the weight of soil remaining after removal of the 
samples for analysis and after loss of the soil clinging to 
the roots. This effect should be small and probably would 
not account for much of the difference. 
Because of the difference in procedure to obtain the 
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average values of organic phosphorus mineralization for bulk 
ana root soil samples in the presence of plants, the two sets 
or estimates do not lend themselves to direct comparison. A 
closer look at the data in Table 7 reveals that estimates 
obtained ay subtracting the observed organic phosphorus ex­
tracted at the end of cropping from that extracted at the 
beginning (o^ - o^) are about the same for bulk and root 
soil samples. Results of these analyses thus provide no real 
evidence for a difference in rate of mineralization of soil 
organic phosphorus between bulk soil and root soil• Specula­
tion is that effective separation of root material and soil 
is rendered impossible in root soil because of intricate 
intermixing of the two in the vicinity of roots. If this be 
the case, then apparent values of o^ in the root soil samples 
would tend to be higher because of the organic phosphorus 
originating from root material in the root soil samples. 
Similar results were obtained in the second experiment on 
root-soil contact, described later In the text (Table 10). 
It is thus conceivable that if true estimates of soil organic 
phosphorus at the end of cropping in the vicinity of roots 
.could be obtained, the values of mineralized organic phos­
phorus in the root soil would be higher than those obtained 
in bulk soil. 
A consistent increase in mineralization of organic phos­
phorus upon previous drying of the soil, both in the absence 
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and presence of plants, was observed in the virgin Webster 
silty clay loam soil only. The excess organic phosphorus 
mineralized amounted to 10 p.p.m. in the absence of plants 
and S p.p.m. in the presence of plants. Thus, the hypothesis 
that observed mineralization of soil organic phosphorus is 
mainly a result of changes associated with drying of soil is 
not definitely confirmed for soils in general although drying 
did produce definite enhancement of mineralization with the 
virgin soil, which contained a relatively large supply of 
organic phosphorus. 
Considerations thus far have been essentially qualitative 
in nature. It may be worthwhile now to give consideration to 
the possible quantitative significance of the findings to the 
phosphorus nutrition of plants. It seems reasonable to assume 
that soil organic phosphorus can be considered a significant 
source of phosphorus for plants only if a substantial part of 
the phosphorus in plants originated as organic phosphorus in 
the soil- To obtain some guidance in these matters, experi­
mental observations on fractional recovery of soluble inor­
ganic fertilizer phosphorus in plants may be examined. 
For purposes of discussion, the assumption may be made 
that the fractional recovery of mineralized organic phosphorus 
by plants is equal to the fractional recovery of phosphorus 
applied in soluble inorganic form as fertilizer. Under this 
assumption, one may estimate the percentage of the phosphorus 
in the plants that was present in organic forms in the soil 
55 
at the beginning of the growth period by the relationship 
(F)(x)(100)/(y) where F is the fractional recovery of soluble 
inorganic fertilizer in the plants, x is the quantity of 
organic phosphorus mineralized during growth of the plants 
and y is the quantity of phosphorus In the plants. 
Values of x and y are available from the experimental 
observations, but there is some question about the proper 
value to use for F. Under these circumstances, it may be 
helpful to consider two different situations. The first is 
the magnitude of recovery that may be expected in the field. 
Recovery in the field tends to be lower than in the greenhouse 
where the roots are concentrated in a relatively small volume 
of soil. According to Hemwall (1957), the recovery of ferti­
lizer phosphorus by the crop that is planted immediately after 
the fertilizer application amounts to only 10 to 30 per cent 
of the quantity added to the soil. One set of hypothetical 
recovery figures in Table 8 has been calculated using F = 0.2 
from Hemwall1s average value of 20 per cent recovery. 
The data thus obtained indicate that when figures for 
mineralization of organic phosphorus in the absence of plants 
are employed to estimate the percentage of the phosphorus in 
plants derived from organic forms in the soil, the average 
value for all soils and pretreatments of soils is 18 per cent. 
This value becomes 27 per cent when estimates for mineraliza­
tion of organic phosphorus are obtained in the presence of 
Table 8. Estimated recovery of mineralized soil organic phosphorus in plants 
Soil 
no. Soil type 
Pretreatment 
of soil 
Average 
yield of 
phosphorus 
in plants 
as p.p.m. 
of soil 
Percentage recovery of mineralized 
soil organic phosphorus in plants 
as estimated from organic 
phosphorus mineralization 
In the absence 
of plants 
F=0.2 F=0.4 
In the presence 
of plants 
F=0.2 F=0.4 
F 2951 Clarion loam 
F 2952 
F 2953 
F 2954 
F 2955 
F 2956 
Soil dried 
between crops 
Soil kept moist 
Nicollet loam Soil dried 
between crops 
Soil kept moist 
Webster silty Soil dried 
clay loam between crops 
(virgin) Soil kept moist 
Webster silty Soil dried 
clay loam between crops 
(cultl- Soil kept moist 
vated) 
Floyd silt 
loam 
Soil dried 
between crops 
Soil kept moist 
Webster silty Soil dried 
clay loam between crops 
(calc. Soil kept moist 
phase) 
Average 
2.4 
2.8  
8 . 8  
11.5 
24.8 
17.3 
8 .6  
10.6 
7.8 
9.3 
13.2 
15.8 
11.1 
9 
10 
10 
5 
24 
23 
11 
20 
47 
36 
14 
12 
18 
18 
20 
20 
9 
48 
46 
21 
41 
94 
72 
29 
24 
37 
14 
22 
19 
26 
27 
48 
53 
25 
36 
11 
18 
27 
42 
29 
4 5 
38 
53 
54 
95 
106 
51 
73 
22 
37 
54 
57 
plants. 
The foregoing estimates probably are conservative for 
several reasons. First, there is evidence that organic phos­
phorus mineralization is enhanced by the presence of plants. 
This effect should increase the recovery by virtue of its . 
occurrence adjacent to the roots. Second, several crops were 
grown successively. Recovery increases with an increase in 
number of crops according to Schneidewind et al. (1221), 
Russell (1931), Crowther (1934) and others. Third, when 
plants are grown in the greenhouse, a more thorough contact 
of roots and soil results than might be the case under field 
conditions. Under greenhouse conditions, Schneidewind et al. 
(1921) obtained a total recovery of 43 per cent of the ferti­
lizer phosphorus in five successive crops, and Elk _et al. 
(1961) obtained an average recovery of 43 per cent in a single 
crop. In consideration of the various factors involved, it 
appears that a recovery of 40 per cent may be more appropriate 
for the conditions of the experiment then 20 per cent, and 
that 40 per cent is still a conservative figure. Table 8 
gives also the recovery figures estimated on this assumption. 
The estimates of the percentage of the phosphorus in plants 
derived from organic forms in the soil, worked out on this 
basis from determinations of organic phosphorus mineralized 
in the absence and presence of plants, amount to 37 and 54 
per cent, respectively. These figures suggest that the quan-
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titles of soil organic phosphorus mineralized and absorbed In 
the plants account for a substantial proportion of the phos­
phorus in the plants, thus lending credence to the view that 
the statistical association between soil organic phosphorus 
mineralization and yield of phosphorus in plants is a cause 
and effect relationship. 
In this investigation, no fertilizer phosphorus was 
supplied to the plants. In the event of fertilizer applica­
tion, better root growth may be anticipated, which in turn 
could induce more rapid mineralization of soil organic phos­
phorus . It has also been suggested (Kaila, 1948) that ferti­
lization with phosphorus may increase the rate of mineraliza­
tion of organic phosphorus in soil. Both these factors could 
lead to increased availability of soil organic phosphorus to 
plants. On the other hand, plant roots would have access to 
the soluble fertilizer phosphorus in addition to the indi­
genous available inorganic phosphorus, and these sources 
would surely diminish the proportional contribution of soil 
organic phosphorus to the phosphorus nutrition of plants. 
Corn Seedling Experiment 
The experiment to investigate possible effects of root-
soil contact on the mineralization of soil organic phosphorus 
was performed first using samples of soil F 295-3. The seed­
lings were allowed to grow in the petrl dishes for 5 days 
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after germination before the experiment was started. Analyses 
for organic phosphorus were made according to the method of 
Mehta et al. (1954). Table 9 gives the results obtained in 
this study. Values in the table are the average of duplicate 
analyses on duplicate samples. 
The results indicate that there was considerable reduction 
in the content of soil organic phosphorus during 1 week of 
growth of corn seedlings. At the same time, an increase in 
the content of inorganic phosphorus was also observed despite 
the possibility of some of the soil sticking to the roots 
even after repeated rinsings. Both these observations suggest 
that plant roots exercised a sizable influence in mineralizing 
and decreasing soil organic phosphorus. These results are in 
agreement with the findings of Rogers et_ al. ( 1941) and 
Hayashi and Takljima (1955c). 
In the preceding experiment, the seedlings were grown 
for 5 days on the filter paper before transferring them to 
the centrifuge tubes. A period of 5 days did not allow much 
development of the roots. Since the presence of roots In the 
soil suspension was found to affect the mineralization and 
reduction of soil organic phosphorus, it was thought that a 
thicker mat of roots might be more effective in accomplishing 
this change than a bunch of three little roots. To test this 
idea, corn seedlings were allowed to grow on the moist filter 
paper for 10 days before the experiment was started. The 
Table 9. Results of first experiment on root-soil contact using corn seedlings 
Phosphorus found by method of Mehta et al.. 
p.p.m. of soil 
Extracted Differences 
Treatment Total Inorganic Organic 
Increase in 
inorganic P 
during growth 
Decrease in 
organic P 
during growth 
1. Soil suspension with 
corn seedling growing 670 336 334 15 47 
2. Soil suspension 696 316 380 -5 1 
3. Tap water with corn 
seedling growing 33 8 25 8 -25 
4. Soil sample 702 321 381 — —  
— —  
5. Tap water 0 0 0 —  —  
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seedlings were then transferred to the centrifuge tubes and 
allowed to remain there for a week as in the preceding ex­
periment. Soil F 2953 was used. The results of the analyses 
are shown in Table 10. Each value is an average of duplicate 
analyses on duplicate samples. 
The analyses show an increase rather than a decrease in 
the content of soil organic phosphorus in the soil suspension 
where corn seedlings had been grown for 1 week. The observed 
increase is likely due to the organic phosphorus in the root­
lets that fell apart and into the soil suspension as a result 
of agitation during the course of aeration. It was not pos­
sible to separate sloughed-off roots and soil from each other 
in spite of the fact that the admixture was visible to the 
naked eye. 
To decrease the apparent effect of the admixture of 
roots and soil, corn seedlings 5 days old were used in the 
third experiment. Instead of growing seedlings in tap water 
alone for a control, a auspension of sand was employed to 
produce abrasion effects comparable to those existing in the 
case of corn seedlings in soil suspensions. One-half-gm. 
samples of 60-mesh virgin Webster silty clay loam (F 2953) 
and quartz sand were used. To measure the loss of soil that 
adheres firmly to the roots, even after repeated rinsings, 
the seedlings (free of seeds) from soil and sand suspensions 
as also those that had grown in a. humidity chamber during the 
Table 10. Results of second experiment on root-soil contact using corn seedlings 
Pho spho rus found by 
p.d .m 
method of Mehta 
. of soil 
et al., 
Extracted Differences 
Treatment Total Inorganic Organic 
Increase in 
inorganic P 
during growth 
Decrease in 
organic P 
during growth 
1. Soil suspension with 
corn seedling growing 809 374 436 51 -52 
2. Soil suspension 726 336 390 13 -7 
3. Tap water with corn 
seedling growing 66 20 36 k;0 -36 
4. Soil sample 706 323 383 — — — 
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same period, together with a sample each of soil end quartz 
sand were individually placed in weighed beakers, dried, and 
ashed. The dry weight and ashed weight of the samples was 
recorded. The weight of seedlings free of soil or sand was 
then estimated according to the formula given in the Materials 
and Methods section, and the weight of the soil or sand adher­
ing to the roots was estimated therefrom. The phosphorus 
extractions and analyses were carried out according to the 
procedure outlined in the Materials and Methods section. 
The results indicate that, on an average, about one-half 
per cent of the soil or sand kept adhering to the roots after 
repeated rinsings. Analyses of the soil and sand suspensions 
are given in Table 11. There were two repeats for each 
treatment, and two determinations were made on esch sample. 
Each figure thus represents an average of four determinations. 
These observations confirm the findings in the first 
experiment that substantial reduction in the content of soil 
organic phosphorus results from the presence of plant roots 
in the soil medium- Considerable evidence has already accu­
mulated to show that the mineralization of soil organic phos­
phorus , in the absence of plant growth, both in the laboratory 
and the greenhouse, is of a magnitude large enough to suggest 
that soil organic phosphorus may be of significance in the 
phosphorus nutrition of plants. The results of the present 
Investigation support the idea that values of mineralization 
Table 11. Results of third experiment on root-soil contact using corn seedlings 
Phosphorus found by method of section IV, 
p.p.m. of soil or sand 
Extracted Differences 
Treatment Total Inorganic Organic 
Increase in 
inorganic P 
during growth 
Decrease in 
organic P 
during growth 
1. Soil suspension with 
corn seedling growing 469 254 215 3 33 
2. Soil suspension 499 251 248 — — 
3. Quartz sand suspension 
with corn seedling 
growing 24 15 9 15 -9 
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of soil organic phosphorus obtained under conditions of plant 
growth but in the absence of plants may be conservative when 
employed to estimate the true contribution of soil organic 
phosphorus in the nutrition of the current crop. 
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SUMMARY 
Work of previous investigators with a group of alkaline 
soils from Iowa showed that the organic phosphorus mineralized 
during incubation in the laboratory was significantly corre­
lated with the uptake of soil phosphorus by plants, inde­
pendently of the labile soil inorganic phosphorus. One 
plausible interpretation of these findings is that a cause 
and effect relationship exists between organic phosphorus 
mineralization by soil microorganisms and phosphorus uptake 
by plants. 
Two possible alternative interpretations were examined 
in this investigation. The first alternative hypothesis was 
that an increase in solubility of inorganic phosphorus brought 
about by carbon dioxide production during organic matter 
decomposition is the primary factor responsible for the asso­
ciation between soil organic phosphorus mineralization and 
phosphorus uptake by plants, and that organic phosphorus 
mineralization by soil microorganisms is of little importance 
as a cause but is merely correlated with the cause. The 
second alternative hypothesis was that the association between 
organic phosphorus mineralization and phosphorus uptake by 
plants resulted primarily from organic phosphorus mineraliza­
tion induced by the presence of plant roots rather then 
mineralization brought about by microorganisms acting through­
out the soil. 
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Three experiments were conducted to test the above 
hypotheses. In one, samples of the same alkaline soils men­
tioned above were incubated for 3 weeks at 35°C. Carbon 
dioxide evolved and organic phosphorus mineralized during this 
period were determined. A multiple linear regression equation 
was calculated using the yield of phosphorus in plants as the 
dependent variable and measurements of (i) labile inorganic 
phosphorus by the 0.025 N HC1-0.03 N NH^F method of Bray and 
Kurtz, (ii) mineralized organic phosphorus and (ill) carbon 
dioxide evolved during Incubation as independent variables. 
The results showed that carbon dioxide evolved during incuba­
tion was not significantly correlated with the yield of phos­
phorus in plants, while the soil organic phosphorus mineral­
ized was significantly correlated with the yield of phosphorus 
in plants, independently of both the labile soil inorganic 
phosphorus and the carbon dioxide evolved during incubation. 
Apparently, therefore, either the increased solubility of 
soil inorganic phosphorus resulting from carbon dioxide pro­
duction was not responsible for the observed association of 
organic phosphorus mineralization and phosphorus uptake, or 
the carbon dioxide effect was obscured by such factors as 
variations in the buffering capacities of the soils and vari­
ations in susceptibility of the inorganic phosphorus to dis­
solution with decrease in soil pH values. 
In a second experiment, corn seedlings were placed in 
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tubes containing tap water- or a suspension of soil or quartz 
sand. Controls without plants were provided, end all tubes 
were aerated for a week. In one trial, where the seedlings 
were 10 days old at the time they were placed in the tubes, 
the content of soil organic phosphorus apparently increased 
in the presence of plants. In this trial many small rootlets 
were present in the soil suspension at the end of a week, and 
it was thought that the additional organic phosphorus wss 
present in this root material. In two other trials, the 
seedlings were 5 days old at the time they were placed in 
the tubes. In these tubes there was relatively little loose 
root material in the soil suspension at the end of a week, 
and a considerable reduction of soil organic phosphorus was 
associated with the presence of plants. At the same time, an 
increase in the content of extractable inorganic phosphorus 
was observed. These results indicate that the rate of min­
eralization of soil organic phosphorus is enhanced In the 
presence of roots. 
In a third experiment, six Iowa soils were cropped con­
tinually in a greenhouse for about 1 1/2 years. Four crops 
were grown consecutively, namely, oats, sorghum, sorghum and 
oats. The roots of each crop were removed. At the same time, 
identical cultures were left unplanted. In one series, the 
soils were dried before each planting, and in the other, the 
soils were kept moist throughout. Soil samples taken 
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initially and after the last crop were analyzed together at 
the end of the experiment. As an average over all treatments 
and all soils, the decrease in extractacle soil organic phos­
phorus amounted to 11 p.p.m. in the absence of plants and to 
15 p.p.m. in the presence of plants. These results indicate 
again that the rate of mineralization of soil organic phos­
phorus is enhanced by the presence of roots. The effect 
observed is probably conservative because of the residue of 
organic phosphorus left in the soil by the plants. The pos­
sible significance of root residues under these conditions is 
suggested by the fact that the decrease in organic phosphorus 
content of small aggregates of soil that adhered to the roots 
of the plants was essentially the same as that of the soil 
that did not adhere to the roots. 
The drying treatment was employed because of the possibil­
ity that the experimental results observed in the past with 
air-dried soils had resulted from drying and were not charac­
teristic of continuously moist soils in the field. Appar­
ently, the drying factor was not of much importance because 
a consistent increase in mineralization of organic phosphorus 
from drying in both the absence and presence of plants was 
found with only one soil. 
The importance of the mineralized organic phosphorus was 
estimated on the basis that the recovery of the mineralized 
phosphorus in plants amounted to 2,0% (for field conditions) 
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or 40}i (for greenhouse conditions) • As an average of all 
treatments on all cropped soils, the mineralized organic phos­
phorus was estimated to comprise 27 and 54/2 of the phosphorus 
in the plants with the 20.;» and 40)5 recovery figures, respec­
tively. 
The results of this investigation support the view that 
in soils where much mineralization of soil organic phosphorus 
occurs, a substantial part of the phosphorus in plants may 
come from this source. Because of the nature of the findings 
regarding root-soil contact effects, however, the results 
merely verify the existence of enhanced mineralization of 
soil organic phosphorus in the presence of roots and do not 
provide definite evidence on the relative significance of 
mineralization by this mechanism and by the mechanism of 
microbial action occurring throughout the soil. The findings 
do suggest, however, that inferences about the significance 
of organic phosphorus to plants from mineralization occurring 
in the absence of plants are based on conservative figures 
for mineralization. 
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APPENDIX 
Table 12. Total yield of dry matter and per cent phosphorus in plent tops in 
the greenhouse experiment 
Soil 
no. Treatment Hep. I Rep. II Rep. Ill Rep. IV Rep. V 
Dry weight of tops + roots (gms-l 
F 2951 Soil dried between crops 14 .46 15.35 18.53 16.24 13.31 
Soil kept moist 15.57 19.72 18.24 18.22 15.29 
F 2952 Soil dried between crops 28.33 27.54 31.97 22.21 23.53 
Soil kept moist 30.89 32.07 35.40 33.71 25.07 
F %953 Soil dried between crops 73.31 82.02 79.04 72.16 68.65 
Soil kept moist 50.14 67.11 62.38 61.39 60.71 
F 2954 Soil dried between crops 29.38 30.44 35.54 25.05 30.78 
Soil kept moist 35.12 33. 57 46.40 36.72 35.04 
F 2955 Soil dried between crops 38.12 33.04 27.39 22.25 21.16 
Soil kept moist 36.07 27.39 39 .15 35.09 32.98 
F 2956 Soil dried between crops 32.41 27.25 35.21 26.11 26.31 
Soil kept moist 36.60 36.41 37.10 33.41 39.45 
Per cent phosphorus in tops 
F 29 51 Soil dried between crops .067 .054 . 061 .058 .058 
Soil kept moist .062 .062 .060 .063 .070 
F 2952 Soil dried between crops .087 .094 .086 .095 .089 
Soil kept moist .111 .095 .086 .096 .110 
Table 12. (Continued) 
Soil 
no. Treatment Rep. I Rep. II Rep. Ill Rep. IV Rep. i 
F 2963 Soil dried between crops .0.8,0 .074 .076 .079 .089 
Soil kept moist .071 . 060 .070 .069 .076 
F 2954 Soil dried between crops .086 .094 .097 .101 .089 
Soil kept moist .086 .102 .094 .092 .095 
F 2956 Soil dried between crops .100 ,092 .099 .102 • .102 
Soil kept moist .#% •091 .105 .104 .097 
F 2956 Soil dried between crops <103 .090 .090 .096 .095 
Soil kept mo1st .097 .085 .078 .096 .097 
Table 13. Inorganic and organic phosphorus extracted from original soil and 
from soil samples taken following the growth of four crops in the 
greenhouse experiment 
Soil 
no. 
Soil 
sample 
Phosphorus extracted from soil, p .p.m. 
Ren. I . Rep. II Rep. III Rep . IV Rep. V 
Inorg. Org. Inorg. Org. Ino rg. Org. Inorg. Org. Inorg. Org 
F £951 1 70 106 62 78 69 95 70 70 54 90 
2 72 103 60 71 66 96 72 69 55 87 
64 97 69 72 54 78 66 70 59 85 
3 69 104 62 75 63 85 68 72 53 87 
3 a 67 98 63 64 56 93 61 63 57 87 
4 69 104 63 77 70 91 72 70 67 90 
5 68 109 64 76 73 92 74 67 66 88 
F 2952 1 84 287 89 221 95 209 95 209 77 236 
id 81 222 83 215 90 181 89 216 81 197 
2a 84 219 84 213 79 202 89 216 80 210 
3 76 211 84 204 87 185 86 211 75 207 
3 a 76 211 82 216 62 199 89 192 81 206 
4 84 227 99 202 91 200 95 216 84 226 
5 85 218 97 201 84 207 68 221 87 . 226 
al = original sample dried and stored -
2 = bulk sample from cropped soil dried between crops. 
Ida = sample of soil aggregates adhering to roots from cropped soil dried 
between crops ( "root" soil). 
3 = bulk sample from cropped soil kept moist continuously. 
3a = sample of soil aggregates adhering to roots from cropped soil kept moist 
continuously ( "root" soil). 
4 = sample! from unerôpped soil dried between crops on cropped soil. 
5 = sample from uncropped soil kept moist continuously. 
Table 13. (Continued) 
Soil 
no. 
Soil 
sample 
Phosphorus extracted from soil, p .p.m. 
Rep • I . Rep. II Rep. III Rep . IV Rep. V 
Inorg. Org. Inorg. Org. Inorg. Org. Inorg. Org. Inorg. Org, 
F 2953 1 226 262 224 258 200 286 226 297 217 273 
2 218 <.34 219 251 220 234 221 227 230 241 
2a 229 201 221 226 226 275 230 301 232 230 
3 221 248 226 275 209 263 221 227 220 219 
3 a 22? 294 210 291 226 265 207 304 226 245 
4 240 248 261 230 253 247 257 255 236 250 
5 236 250 246 236 £28 245 232 262 234 266 
F 2954 1 111 126 107 144 91 142 104 128 91 142 
2 105 102 107 115 99 99 111 103 108 127 
2a 105 76 117 77 87 127 111 121 112 127 
3 104 108 99 94 102 88 111 86 112 100 
3a 104 104 101 63 107 107 100 127 103 132 
4 109 128 115 137 103 142 111 129 100 138 
5 121 114 1%2 129 107 128 108 125 104 134 
F 2955 1 148 334 142 330 137 326 120 380 144 374 
2 145 307 145 323 120 308 122 373 14c 361 
2a 145 272 149 301 131 332 137 359 154 355 
3 145 322 137 300 144 292 135 - 269 167 364 
3 a 130 305 133 33 5 147 281 142 317 155 330 
4 160 322 166 302 153 305 136 365 161 352 
5 152 326 158 314 141 327 150 345 167 343 
Table 13. (Continued) 
Phosphorus extracted from soil, p.mm. 
Soil Soil Rep. I Rep. 11 Rep. Ill Rep. IV Rep . V 
no. sample Inorg. Org. Inorg. Org. Inorg. Org. Inorg. Org. Inorg. Org. 
1 600 286 577 315 576 282 578 291 604 295 
2 546 250 571 331 574 243 608 261 564 296 
2a 602 £44 698 264 564 253 566 274 594 341 
3 576 211 582 324 565 282 561 242 564 264 
3 a 600 211 598 304 578 201 558 282 575 322 
4. 591 273 579 332 593 224 580 285 615 283 
5 ' 587 256 577 325 591 246 693 £84 615 289 
